The objective of this study was to quantify the mastication effort for cooked rice. We analyzed mastication patterns while normal subjects ate a spoonful of cooked rice that had been prepared by cooking with different amounts of water (1.5, 2.0, 3.0, and 4.0 times the water to rice weight). The rice samples were served with the same weight, same volume and same solid content, and electromyography (EMG) of the masticatory muscles was measured. The texture of the four cooked rice samples was instrumentally analyzed by the two-bite method. The number of chews, masticatory time, and jaw-closing muscle activities per chew evaluated by EMG were higher in the rice sample cooked with least water, which exhibited a high firmness value in the instrumental test. Rice cooked with 4.0 times the amount of water exhibited the longest jaw-opening duration, which was related to the adhesiveness value in the instrumental test. The ratio of jaw-opening muscle activity to the preceding jaw-closing muscle activity was lower for the rice containing least water, this corresponding to the area ratio (balance degree) in the instrumental test. Softer rice containing more water reduced the total mastication effort until swallowing because it required a shorter mastication time. It was not difficult for the softer rice with high density to be ingested in greater weight, decreasing the mastication effort for a certain amount.
Cooked rice is the most frequently eaten staple food in Japan. 1, 2) Texture has the greatest effect on the palatability of cooked rice, and instrumental texture measurements have been made as well as sensory evaluations. [1] [2] [3] The two-bite test using a Texturometer or an Instron-type instrument is commonly used, since such parameters as the firmness, stickiness or adhesiveness given by the test correlate well with firmness and adhesiveness assessments by sensory tests. 2, 4, 5) Food texture is mechanical, geometrical and surface properties perceptible by means of mechanical and tactile receptors. 4, 6, 7) Human mastication has recently been studied by using physiological techniques, as masticatory variables can objectively display the perceived textural properties of food.
3,7-9) Electromyography (EMG) is a common technique used to analyze human mastication. 10) EMG has often been used to evaluate food texture changes in the oral cavity during the mastication process. [7] [8] [9] [10] [11] [12] [13] As the textural properties of food dynamically change during mastication, EMG is a powerful technique for evaluating the in-mouth texture, this being difficult to be measured by the two-bite test with instruments. When hard food is chewed, high amplitude and muscle activity (time integral of the EMG voltage) of the jaw-closing muscles and long mastication time accompanying many chewing strokes have been observed from surface EMGs. 12) In many studies, the area (i.e., time integral of the EMG voltage) has been named as chew work or muscle work. 11) We have referred to this as muscle activity to avoid confusion with work that is defined as the product of force and distance in physics. [14] [15] [16] [17] We here define the mastication effort as the total muscle activity for the whole chewing period from the first chew until swallowing.
The proportion of elderly people is increasing. 1, 3) Many of them have impaired mastication and often suffer from malnutrition. 3) Elderly people preferred softer rice cooked with more water than young people did.
1) The texture of cooked rice served to the elderly requiring nursing care was softer, but showed high adhesiveness and cohesiveness. 1, 2, 18) Cooking with increased amounts of water results in softer food, but increases its volume. 3, 18) We have evaluated the mastication effort requiring for eating rice by using EMG. [14] [15] [16] [17] [19] [20] [21] The food amount was a fixed weight of one mouthful [14] [15] [16] [17] 19, 21) or freely chosen by each subject. 20) Among various foods, cooked rice is rather easy food to chew for elderly people with dental prosthesis. 15, 16, 22, 23) The total mastication effort for normal rice and rice gruel were similar in terms of the energy intake required for one meal. 20) When comparing a single-mouthful amount, soft-cooked rice is preferred and is also easy for patients and the elderly to y To whom correspondence should be addressed. Tel: +81-29-838-8031; Fax: +81-29-838-7996; E-mail: kaoruk@nfri.affrc.go.jp masticate, 1, 2, 18) but such preparation may reduce the energy intake.
3) We estimated the mastication effort for finely cut cucumbers 24) and apples, 25) and cut foods required greater mastication effort than the mouthful size sample of the same weight. Soft-cooking is also known as an aid to eat, but it may not make easier to chew.
We conducted EMG measurements of the masticatory muscles to evaluate the mastication effort for the same weight, volume, and solid content a rice cooked with various amounts of water. An energy (calorie)-based analysis is easy for cooked rice when samples with a fixed solid content were served, because the food is prepared from rice grains and water without losing any solid components. Our previous EMG study involving rice revealed that, although young subjects exhibited a higher EMG voltage and shorter mastication time than the elderly, the relative value of EMG activity among several food samples was the same regardless of the age and dental status of the subject. [15] [16] [17] The relative muscle activity, i.e., the order of mastication effort, is hypothesized to be common for young and elderly subjects. In this study, we recorded EMG values from young females eating rice samples, because this subject group can be expected to show a narrower variation in EMG parameters than the elderly with varying dental status. 15, 16) 
Materials and Methods
Samples. Rice (wash-free type, var. Koshihikari, harvested in Ibaraki Prefecture in 2003) was bought in a local supermarket. Rice grains (150 g) were soaked in water (1.5, 2.0, 3.0 and 4.0 times the weight of grains) for 30 min at 25 C. The rice was then cooked with an electric rice cooker (SR-HG10B, National, Hyogo, Japan). Twenty minutes after the electric cooker had been turned off, the cooking vessel was removed and kept for 10 min at 25 C. The cooked rice was used for both the mastication and instrumental tests within 2 to 4 hours after cooking. The water content was determined by heating a sample in an aluminum cup at 135 C for 2 hours.
Subjects. Ten volunteers (mean age of 32.4 years), who were free from functional mastication problems and not requiring dental treatment, participated in the EMG recording. Large inter-subject variation has been reported in EMG measurements. 9, 13, 14) To reduce individual differences in masticatory variables caused by the size of each subject's mouth, we selected females aged 25 to 40 years with a height of 152 to 170 cm and a body mass index of 18 to 23. They gave their informed consent prior to the experiment.
Instrumental measurements.
A two-bite test on each sample was performed with a food rheometer (RE-33005, Yamaden, Tokyo) at room temperature (24 C).
The speed was 1.0 mm/s, and the final sample deformation was set at 80% of its original height. A fixed weight of a cooked rice sample was placed in a Petri dish (40 mm in diameter and 15 mm in height), and the center of the dish was vertically compressed twice with a cylindrical probe (16 mm in diameter). The weight in the Petri dish was determined from the mean values by three experimenters as 12.0, 13.5, 15.5, and 18.5 g. The following parameters were calculated: 2,7) firmness (the first peak height in the stress-strain curve), A1 (the area under the first compressive peak), A2 (the area under the second peak), adhesiveness (A3, the area of the first negative peak, i.e., the work required to pull the probe from the sample), cohesiveness (A2/A1), the ratio of A3 to A1, and the gumminess (firmness Â cohesiveness).
Electromyography. A spoonful of cooked rice (Table 1 ) was served to each subject in a random order using a plastic spoon. Each subject freely rinsed their mouth with water before or between the trials. The subjects were not informed as to which sample they were eating in any given trial. They raised their hand when they had finished swallowing. The recording session (9 samples Â 2) lasted for 30 min.
EMG activities were recorded from both the left and right anterior belly of the temporal muscles, masseter muscles, and anterior digastric muscles by using bipolar surface electrodes and an MEG-6108 amplifier with 6 AB-610J units (Nihon Kohden, Tokyo) as previously reported. 14, 26) The temporal and masseter muscles are used for closing the mandible, while the digastric muscles work to open the jaw.
12)
The data were stored in a Windows computer, using the MP150 program (Biopac Systems Inc., Goleta, CA, U.S.A.), at 1000 Hz for further analysis by waveanalysis software (AcqKnowledge ver. 3.5.7, Biopac Systems). 10, 25, 26) The EMG charts of four jaw-closing muscles, i) the number of chewing strokes and ii) the mastication time were read directly. 14) iii) The amplitude or the maximum voltage, iv) burst duration, v) muscle activity estimated as the time-integral of the EMG voltage, and vi) cycle time were read for each muscle and each chewing stroke.
26) The subjects freely changed the chewing sides during mastication, so EMG data from the left and right sides were averaged. In addition, as the signals from the temporal and masseter muscles appeared almost at the same time to close the jaw during the chewing sequence ( Fig. 1) , averaged values for the four jaw-closing muscles were calculated. Parameters iii) to vi) for the jaw-closing muscles and iii) to v) for the jaw-opening muscles were then averaged for all the chewing cycles. The mean values of the second to fourth chews (the early stage), the middle three chews (the middle stage), and the last three chews just before swallowing (the late stage) were also calculated to test the chewing process effects. 14) The ratio of jaw-opening muscle activity to the preceding jaw-closing muscle activity was also calculated for the amplitude and muscle activity.
14)
The masticatory sequence of humans can be divided into three phases: 1) ingestion-transfering food between the teeth with the tongue, 2) comminution sequence-rhythmic chewing in which the food is comminuted and the bolus formed, and 3) clearance and swallowing. 27) These three phases are represented in the EMG chart shown in Fig. 1 . At first (arrow I in Fig. 1 ), the digastric muscles worked to open the mouth, intake food from a spoon, and then transfer it to between the back teeth. The subject held the sample in the mouth until asked to start chewing (time zero in Fig. 1) , and then began to chew it normally (arrow B). During the second phase of mastication (between arrows B and E), digastric activities appeared to coincide with jaw opening, while temporal and masseter activities corresponded to jaw closing and clenching. The jaw-opening activities were usually weaker than the jaw-closing ones, as observed with non-glutinous rice samples.
14) These activities alternated with a similar rhythm. This rhythm became slightly slower just before swallowing began. After the rhythmic chewing, swallowing signals, in which the jaw-closing and jaw-opening muscles worked synchronously, were observed in the third phase (after arrow S in Fig. 1 ). We could read the period for food ingestion, the time difference between the end of the last chewing burst to the onset of swallowing, and the period between the end of the last chew and end of swallowing. We found that these periods belonging to the first or third phase of mastication did not significantly differ among the four rice samples within a subject. We therefore analyzed EMG data during the second comminution sequence.
Statistics. Statistical analyses were performed with the SPSS package (ver. 11.0J for Windows; SPSS Inc., Chicago, IL, U.S.A.), the statistical significance being set at p < 0:05. A one-way analysis of variance (ANOVA) was conducted on the mechanical variables, and was followed by the Tukey's honestly significant difference test as a post-hoc analysis. Repeated-measure ANOVA was done to test the effects of water content on the cooked rices. When the difference was significant, a paired t-test with Holm's correction 28) was applied to all the combinations of two levels as a post-hoc analysis.
Results and Discussion
Physical properties of cooked rice The water content of the cooked rice increased with increasing ratio of the water added to raw rice ( Table 2 ). The results show that the weight of a fixed volume of rice increased with the water content of the rice, and that the weight of the fixed solid content that was proportional to the energy increased more with the water content of the rice as shown in Table 1 . Considering the energy intake, food cooked with more water acquired greater volume and weight. The sample was 5 g of normal rice cooked with Â 1.5 fold the amount of water. From the top downwards: left and right temporal muscles (LT, RT), left and right masseter muscles (LM, RM), and left and right digastiric muscles (LD, RD). The subject took the rice from a spoon at arrow I, and kept it in the mouth, before starting to chew the sample at time zero. Arrows B and E represent the beginning and end of a chewing sequence, and arrow S is the start of swallowing. The early (E), middle (M), and late (L) stages are also shown. Table 2 also shows the results of a two-bite test measured with a cylindrical probe, which is often used as the model for a molar tooth. Rice firmness decreased as the water content increased in the cooked rice samples. According to the ISO sensory definition, 4) firmness is related to the force required for the deformation of food. A1 and A2 also decreased as the firmness decreased. Work is the product of force and deformation distance, so for compressing the sample, it is close to A1. In contrast, the adhesiveness and cohesiveness increased with increasing water content. The cohesiveness is the degree to which a substance can be deformed before it breaks, and adhesiveness is the force required to remove material that adheres to the mouth.
4) The A3/A1 ratio also increased for the samples with increasing water content. This ratio is often referred to as the balance degree, 2) and represents the balance between the firmness and stickiness of cooked rice.
14) It has been used as an index for the palatability of Japanese non-glutinous rice cooked with fixed amounts of water, 5) and decreased with the amylose content in starch for different rice varieties in Japan. 14) Gumminess is a secondary parameter related to the cohesiveness of a tender product and the effort required to disintegrate the food in the mouth to a state ready for swallowing.
4) The gumminess decreased as the water content increased.
Effects of samples appeared in EMG variables
Previous human mastication studies have adopted samples of a constant weight or volume, but the amount varied with the food type. We do not know whether the weight, volume, or solid content determines a mouthful of food in normal mastication, although a mouthful is well reproducible for an individual and a given food. Although rice gruel was soft and did not require much mastication effort, an extremely expanded volume made it difficult to have the energy required for one meal. We conclude that such food preparation may not result in easy-to-eat food. 20) The rice samples used in this study (Â1:5 to 4.0 water) did not have as high water content as gruel (Â5:0) used in the previous study, 20) so each sample with the same solid content could be eaten at once. Therefore, we compared the four samples in terms of their weight, volume and solid content (energy) ( Tables 3, 4 
and 5).
The number of chews was highly correlated with the mastication time, and both parameters increased as the firmness increased. Tables 3, 4 and 5 present the mean Each value is presented as the mean of ten subjects. Significantly different at * < 0.05, ** < 0.01, and *** < 0.001. Values with different letters in a row differ significantly (p < 0:05).
values for ten subjects. The results suggest that the chewing rhythm was not influenced by the texture or amount of the rice samples. A similar ascending tendency with firmness was also observed for the jaw-closing muscle activities per chew. Mean values for the EMG amplitude and muscle activity increased with firmer samples having less water content. The burst duration and cycle time were not significantly different among the samples, these findings being similar to the EMG results for cooked rice with varying texture. 14, 19) The amplitude and muscle activities for the digastric (jaw-opening) muscles did not differ significantly with the samples. The jaw-closing muscles involving the masseter and temporalis have large numbers of muscle spindles, whereas the digastric muscles contain few. 29) The muscle spindles relay information to the brain about muscle length. This suggests that the magnitude of activities of the jaw-closing muscles was controlled by textural information, but that the jaw-opening muscles were not. However, the burst duration for the jawopening muscles was longer than that for the samples cooked with 4.0 times the amount of water.
We can assume that the jaw-closing activity reflected A1, and that the jaw-opening activity was related to A3 in the instrumental test.
14) The ratio of the jaw-opening activity to the preceding jaw-closing activity seemed to be significantly influenced by the rice texture. The ratio of EMG-amplitudes was smaller than 1, and the ratio of muscle activities was greater than 1, although both of the ratios were larger in softer samples with higher water content, and correlated with the adhesiveness and the Each value is presented as the mean of ten subjects. Significantly different at * < 0.05, ** < 0.01, and *** < 0.001. Values with different letters in a row differ significantly (p < 0:05). Each value is presented as the mean of ten subjects. Significantly different at * < 0.05, ** < 0.01, and *** < 0.001. Values with different letters in a row differ significantly (p < 0:05).
measured A3/A1 ratio ( Table 2) . Those observations were basically common when comparing a fixed weight, volume and solid content of the cooked rice samples, although the differences were more significant in the order of weight > volume > solid content.
Effect of sample amount on EMG variables
We tried three different comparisons, so that the effect of one mouthful of a rice sample could be compared. Figure 2 illustrates the effect of the weight of a sample served by a spoon on the mastication variables for rice cooked with Â4:0 water. Ingesting increasing amounts of rice into the mouth required longer mastication time and a larger number of chews, although the EMG activities for the jaw-closing and opening muscles per chew remained similar. The same tendency was observed for the other samples (Â2:0 and 3.0). The increase in mastication time was not proportional to the increased sample amount. Those findings have also been reported for retort rice (5 and 10 g, equivalent to Â1:5) 19) and rice gruel (5 and 10 g, Â10:0). 21) Therefore, the total mastication effort required for a fixed weight or volume of rice or for certain energy became smaller when a larger amount of rice was taken at once, whatever the water content.
Changes in the different mastication processes Our previous study on cooked rice with six different varieties yielded different EMG parameters for the early stages of mastication, but did not show significant differences in the later stages. 14) Whether the significant decrease in jaw-closing activities and increase in jawopening duration observed in the mean values for the entire chewing sequence (Table 3 ) always occurred or not is another issue. We compared the mastication variables per chew of the early, middle, and late stages of mastication for four different samples of 5 g each ( Table 6 ). The muscle activity in the early stage for jawclosing muscles was significantly lower with increased water content in rice samples. However, the EMG variables for the jaw-closing muscles were not significantly different in the later stages. This is consistent with the previous results for cooked rice prepared from different varieties. 14) In contrast, the jaw-opening muscle activity did not significantly change at any stage whatever the water content. The data based on volume and solid content exhibited the same tendency, although to a lesser extent. Each value is presented as the mean and standard deviation of ten subjects. The samples were 5.0, 7.9, and 9.7 g of soft rice cooked with Â 4.0 fold the amount of water. , mastication time; , mean EMG amplitude of the jaw-closing muscles. The dependence on sample firmness was commonly observed in the mechanical test and EMGs recorded from the jaw-closing muscles, because the higher the bite force, the larger the EMG amplitude or activity from the jaw-closing muscle.
12) The EMG activities of jaw-closing muscles generally decreased as mastication proceeded, but the degree was small for rice. 17) This is likely to have been due to the fact that cooked rice is composed of soft grains that does not require much size reduction before swallowing. Adhesiveness was correlated with the EMG activities of the jaw-opening muscles, and therefore the ratio of A3/A1 corresponded to the ratio of the EMG activities of the jaw-opening muscles to jaw-closing muscles. Cohesiveness correlated well with adhesiveness in the rice samples tested. Those samples with high cohesiveness showed high jawopening activity in EMGs, although the cohesiveness defined by ISO 4) and the activities of the jaw-opening muscles were not directly related.
Conclusion
The EMG results for rice cooked with 1.5 to 4.0 times the amount of water show that the softer rice required the least total mastication effort until swallowing because of the shortest mastication time. The mastication effort for a certain amount of rice would decrease more, if a greater amount was ingested at once.
